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Abstract: Metasurface is a recently developed nano-
photonics concept to manipulate the properties of light by
replacing conventional bulky optical components with
ultrathin (more than 104 times thinner) flat optical com-
ponents. Since the first demonstration of metasurfaces
in 2011, they have attracted tremendous interest in the
consumer optics and electronics industries. Recently,
metasurface-empowered novel bioimaging and biosensing
tools have emerged and been reported. Given the recent
advances in metasurfaces in biomedical engineering, this
review article covers the state of the art for this technology
and provides a comprehensive interdisciplinary perspec-
tive on this field. The topics that we have covered include
metasurfaces for chiral imaging, endoscopic optical
coherence tomography, fluorescent imaging, super-
resolution imaging, magnetic resonance imaging, quanti-
tative phase imaging, sensing of antibodies, proteins,
DNAs, cells, and cancer biomarkers. Future directions are
discussed in twofold: application-specific biomedical
metasurfaces and bioinspired metasurface devices. Per-
spectives on challenges and opportunities ofmetasurfaces,
biophotonics, and translational biomedical devices are
also provided. The objective of this review article is to
inform and stimulate interdisciplinary research: firstly, by

introducing the metasurface concept to the biomedical
community; and secondly by assisting the metasurface
community to understand the needs and realize the op-
portunities in the medical fields. In addition, this article
provides two knowledge boxes describing the design pro-
cess of a metasurface lens and the performance matrix of a
biosensor, which serve as a “crash-course” introduction to
those new to both fields.

Keywords: bioimaging; biophotonics; biosensing; meta-
surface; nanophotonics.

1 Introduction

From auroras and rainbows to the human eye – light has
fascinated scientists for centuries. Today, optical technol-
ogies – from lasers to solar cells to cameras – harness light
to advance physics and serve societal needs. The under-
standing and use of the fundamental properties of light are
important parts of the progress of human history. Recently,
the development of photonic materials, circuitry, devices,
and probes on the nanoscale has opened up new oppor-
tunities for controlling light in the subwavelength regime.

In 1968, Veselago theoretically predicted the generation
of artificial materials [1] by engineering their permittivity
and permeability. This was eventually realized by the
studies of Pendry et al. [2] and Smith et al. [3] that helped
realize Veselago’s prediction and have revolutionized our
approach to electromagnetics. Such so-termed meta-
materials are artificial composite nanostructures that
possess unique properties for controlling light and demon-
strate numerous exciting new optical effects and applica-
tions that cannot be achieved by natural materials [4–7].
Metasurfaces are structures that benefit from the reduced
dimensionality of metamaterials. They are relatively easy to
fabricate and possess a smaller footprint (thickness of less
than a millimeter) than conventional optical components.
They consist of optical components (or meta-atoms)
patterned on a surface with subwavelength dimensions,
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which shape the wavefront of light to introduce a desired
spatial profile of the optical phase. Since their discovery [8],
their exceptional optical properties have led to the devel-
opment of ultrathin optical devices with various function-
alities outperforming their conventional bulky counterparts
and also demonstrating new optical phenomena covering a
wide range of electromagnetic spectrum from the visible to
the terahertz (THz) region. Such metasurface-based flat de-
vices represent a new class of optical components that are
compact, flat, and lightweight. Numerous devices based on
metasurfaces have been developed, including metasurface
lenses (metalenses) [9–19], waveplates [20–23], polarime-
ters [24–26], and holograms [27–29]. For metalenses, in
particular, numerical aperture (NA) as high as 0.97 was
demonstrated [15]. Metalenses with NA > 1 was realized by
immersion metalenses [30]. There are review papers dedi-
cated to the fundamentals, progress, and applications of
metasurfaces. Some representative examples can be found
in the references [31–51].

Metasurfaces have generated tremendous interest in the
consumer optical and electronics industries. In addition,
metasurface-empowered novel bioimaging and biosensing
devices have also emerged and reported recently. For many
optically based bioimaging devices, their bulk footprint and
heavy physical weight have limited their usage in clinical
settings. One of the bottlenecks is the large footprint of
conventional optical components, such as lens assemblies
and spectrometers. There are also limitations in the perfor-
mance of optical components, for example, spherical lenses
suffer from spherical aberrations which greatly impact the
imaging quality and require often additional corrective op-
tics. Besides imaging, sensing is another important research
field in biomedical engineering. There has been a crucial
need for a rapid and reliable sensing method for micro-
organisms such as bacteria and viruses. Current methods
are tedious and time-consuming, as the growth of these
micro-organisms can take up to days and weeks. While
methods such as polymerase chain reaction (PCR) andmass
spectrophotometry have managed to reduce the time
required for the measurements, the steps involved are
exceptionally intricate making it challenging to be used for
swift detection. As for cancer detection, current detection
methods are pricy and time-consuming. Metasurface bio-
sensors can provide a solution for rapid, label-free detection
of various micro-organisms and cancer cells.

Given the recent advances and progress of meta-
surfaces in biomedical engineering, reviews published on
the merging of these research areas are gaining attention
[52–54]. However, their scopes are limited to either bio-
imaging or biosensing application. This review article aims
to cover the state-of-the-art technology development for

metasurfaces and a comprehensive anddetailed account of
both biomedical applications. The objective of this review
is to stimulate interdisciplinary research by introducing the
metasurface concept to the biomedical community and
informing themetasurface community about the needs and
opportunities in the biomedical research area.

Figure 1 gives an overview of the structure of this review
paper. Firstly, the general concepts of metasurfaces will be
introduced including the governing principles and fabrica-
tion techniques. Secondly, recent advances in metasurfaces
for various bioapplications will be reviewed. This includes
optical chiral imaging, endoscopic optical coherence to-
mography (OCT), fluorescent imaging, super-resolution im-
aging, magnetic resonance imaging (MRI), and quantitative
phase imaging (QPI). Thirdly, applications of metasurface in
biosensing are discussed, including the detection of anti-
bodies and proteins, DNAs, cells, and cancer biomarkers.
Lastly, future directions are described including various
metasurface functions demonstrated for non-biomedical
applications that could be potentially useful for biomedical
applications and the development of biomimetic metasur-
face devices. We conclude with perspectives on present
challenges to make metasurface-based biomedical devices
toward commercialization and for translational research.

2 Fundamentals of metasurfaces

In contrast to conventional optical components that achieve
wavefront engineering by phase accumulation, meta-
surfaces control thewavefront of light using arraysof optical
resonatorswith subwavelength dimensions. By tailoring the
optical properties of each meta-atom, one can spatially
control the phase, amplitude, and polarization of the light
and consequently shape the wavefront. There has been an
increasing interest in the past decade in the field of meta-
surface as it promises remarkable capabilities for light
molding beyond that offered by conventional planar in-
terfaces. Several variations of metasurfaces have arisen to
improve their performance, changes such as the transition
fromplasmonicmaterials to the use of dielectricmaterials to
improve the efficiency and using different meta-atoms for
additional optical functionalities. The fundamentals of
metasurfaces are reviewedbelow from the physical concept,
the design methodology, to the fabrication techniques.

2.1 Governing equations

When an electromagnetic wave hits the boundary between
two media with different refractive indices, the wave splits
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into two different waves, the reflected wave is rebounded
back into the first medium and the transmitted wave enters
the second medium. The angle at which these waves travel
is determined by Snell’s law. However, Snell’s law does not
take into account the abrupt phase discontinuities intro-
duced by the metasurface.

The governing equations of the interaction of light and
themetasurface for transmission (Eq. 1) and reflection (Eq. 2)
are summarized as the generalized Snell’s laws in three-
dimensional (3D) derived from Fermat’s principle [8, 55, 56]:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
nt sin(θt) − ni sin(θi) � λ

2π
dϕ
dx

cos(θt)sin(φt) � 1
nt

λ
2π

dϕ
dy

(1)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
sin(θr) − sin(θi) � 1

ni

λ
2π

dϕ
dx

cos(θr)sin(φr) � 1
nr

λ
2π

dϕ
dy

(2)

where the x–z plane is the plane of incidence and the met-
asurface is located on the x–y plane. nt, ni and nr   are the
refractive index of the mediums, θt, θr, and θi represent the
angle of transmission, reflection, and incidence in the x–z

plane, respectively. φt and φr represent the angle of trans-
mission and reflection in the y–z plane, respectively. dϕdx and
dϕ
dy is the phase gradient parallel and perpendicular to the
planeof incidence, respectively. Note that the lack of a phase
gradient will result in a normal form of Snell’s law. These
equations imply that reflected and transmittedwaves can be
arbitrarily bent in their respective half space, by engineering
the phase gradient’s direction and magnitude.

2.2 Design principles

The building blocks of metasurfaces are themeta-atoms on
a subwavelength scale. These meta-atoms can be of
different materials, such as plasmonic materials, dielectric
materials, or a combination of the two. Typical plasmonic
materials include metals, transparent conducting oxides
(e.g. indium tin oxide), and two-dimensional (2D) mate-
rials. Strong light–matter interactions occur in these ma-
terials through plasmonic resonanceswhich originate from
a process called polarization: the dynamic response of
electrons inside the material to the external electromag-
netic field. The resonant wavelength depends on the sizes,
shapes, materials, and surrounding media of the meta-

Figure 1: Overview of metasurfaces for bioimaging and biosensing applications and future directions. Chiral imaging: Reproduced with
permission from Khorasaninejad et al., Nano Lett. 16, 4595–4600 (2016) [96]. Copyright 2016 American Chemical Society. Direct link: https://
pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b01897. Further permissions related to the material excerpted should be directed to the ACS.
Fluorescent imaging: Adapted from Lee et al., Opt. Mater. Express 9, 3248 (2019) [99]. Copyright 2019 Optical Society of America. Super-
resolution imaging: Reproduced with permission from Bezryadina et al., ACS Nano 12, 8248–8254 (2018) [109]. Copyright 2018 American
Chemical Society. Magnetic resonance imaging: Adapted fromSchmidt et al., Sci. Rep. 7, 1678 (2017) [113]. Licensed under Creative Commons
Attribution 4.0 International License. Antibodies and proteins: Reproduced with permission from Guo et al., ACS Photonics 1, 221–227 (2014)
[135]. Copyright 2014 American Chemical Society. DNAs: Adapted from Leitis et al., Sci. Adv. 5, eaaw2871 (2019) [138]. Distributed under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). Cells: Reproduced with permission from Rodrigo et al., Nat. Commun.
9, 2160 (2018) [145]. Licensed under a Creative Commons Attribution 4.0 International License. Cancer biomarkers: Reproduced with
permission from Yan et al., Biosens. Bioelectron. 126, 485–492 (2019) [148]. Copyright 2019 Elsevier.
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atoms [31, 33]. In general, a phase shift of π is generated
with the resonance process, but a phase shift of 2π is
required to fully manipulate the properties of light. One of
the earlier demonstrations to achieve a phase shift of 2π for
a single-mode dipolar resonance is v-shaped antennas,
where a symmetric mode and an antisymmetric mode can
be supported at the same time [8]. Over the years, re-
searchers have used different shapes of plasmonic meta-
atoms including 1D nanostructures (grooves, gratings, slits
or ribbons), 2D nanostructures (holes, bow-tie shaped an-
tennas, v-shaped antennas, split-ring resonators), and
colloidal nanocrystals on solid substrates or in opticalfilms
[57]. Although plasmonic materials can provide strong
optical resonances, one of the major limitations is the
ohmic loss (resistive loss), where the energy of the incident
light is transferred to heat in the material. For applications
that require high efficiency of the device, this is nonideal
because the ohmic loss results associated with heat dissi-
pation in the plasmonic materials represent a reduction of
the overall efficiency.

Toovercomethis limitationonreducedefficiency,aclass
of metasurface devices based on dielectric materials were
reported. Representative reviewpapers on this research field
can be found in [50, 51]. Typical dielectric materials used
include titaniumdioxide, silicon,germanium,and tellurium.
The real parts of the refractive index of these materials are
high so that they can manipulate the properties of light
through Mie resonance [58] and achieve a phase shift of 2π
withanenhancementofbothelectricandmagneticfields.The
imaginary part of the refractive index is almost negligible so
that there is minimal loss due to resistive heating and hence
the overall device efficiency remains high.

Besides the type of materials chosen for the meta-
atoms, the efficiency of ametasurface device in controlling
the transmitted light is also dependent on the reflection at
the light–matter interface, i.e. to boost the efficiency for
transmission, complete elimination of reflection is essen-
tial. This can be achieved by matching the impedance of a
metasurface with that of the free space [59]. For example,
Huygen’s metasurfaces may comprise nonperiodic nano-
structures or multilayered structures to engineer the sur-
face impedance locally [46]. According to the Huygen–
Fresnel principle [60, 61], every point on a wavefront is
itself the source of spherical wavelets and propagates with
the same speed as the source wave. The secondary wave-
lets emanating from different points interfere and the sum
of these wavelets forms the new wavefront which is rep-
resented as the line tangent to thewavelets. For a Huygen’s
metasurface, secondary waves transmitted through or re-
flected from the metasurface gain different phase shifts
from the light interaction with the meta-atoms, and they

can interfere. Therefore, by carefully designing the optical
response of the meta-atoms, one can generate an arbitrary
wavefront at will.

In addition to engineering the resonances of meta-
atoms, there is another metasurface design approach based
on the Pancharatnam–Berry (P–B) phase [62, 63], namely
the geometric phase, to achieve a phase shift of 2π. For
metasurface designs based on P–B phase, the amount of
phase shift of generated by ameta-atom is ±2θ(x, y), where θ
is the orientation angle of themeta-atom, and the sign of the
phase shift (i.e. the addition or subtraction of phase) is
determinedby thehandedness of the incident polarized light
(left circularly polarized [LCP] or right circularly polarized
[RCP] light). When the meta-atom is arranged to rotate at an
angle from 0 to π, the phase shift can be continuously tuned
from 0 to 2π. Since the phase shift is determined by the
geometry, P–B phase metasurfaces typically exhibit ultra-
broadband performance, however, they only operate on
circularly polarized incident light.

So far, we have discussed the overall building mecha-
nisms of a metasurface for the manipulation of light prop-
erties. To add further functionalities, recently, a variety of
tuning mechanisms have been proposed [41]. For instance,
flexible substrates were used for conformal metasurfaces,
mechanically, and electrically tunable metasurfaces [4, 64–
66]. The high flexibility and stretchability of soft materials
such as polydimethylsiloxane (PDMS) and poly(methyl
methacrylate) (PMMA) have made it possible for the sub-
strates to be wrapped and bent [67, 68]. In this way, the
spacing between meta-atoms is changed and hence the
properties of the metasurface become tunable. Phase tran-
sition materials have been widely used in optical data-
storage systems and nanophotonic systems based on their
tunable optical properties. Commonly used phase change
materials include vanadium dioxide (VO2) [69–72] and
GeSbTe alloys [73], which show a dramatic change in optical
properties when undergoing phase transitions triggered by
thermal energyor chemical doping. For example, the change
in the refractive index of VO2 in themid-infraredwavelength
region can reach Δn ≈ 4 and Δk ≈ 8 [74]. This translates to a
change in the properties of the metasurface made of these
materials. Liquid crystals have also been extensively used
for the dynamic control of the optical properties because of
their broadband optical nonlinearity and birefringence.
Their change of refractive index can be externally tuned by
temperature, light, and electric or magnetic fields [75, 76].
Microfluidic technology has been applied to tunable metal-
enses by controlling the air pressure of the pneumatic valves
to change the distribution of liquid metals within a unit cell
[77]. In addition, two-dimensional materials with extraordi-
nary optical and electrical properties such as graphene were
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integrated into electrically tunable metasurfaces. Their op-
tical properties were made tunable through a change in the
charge carrier density which was controlled by the gate
voltage [78, 79]. For example, in [79], a gate voltage change
of 80 V resulted in a modulation depth of up to 100% and a
wavelength shift of 1.5 μm in the mid-infrared region.

A brief summary of the design steps of a metalens is
given in Box 1with simulation illustrations. Amore general
flow chart of designing a general metasurface device not
only a lens can be found in [44].

2.3 Fabrication techniques

The fabrication techniques of metasurfaces are micro-
fabrication and nanofabrication techniques depending
on the feature size of the metasurface which typically
depending on the operating wavelength. For applications
with a shorter wavelength range such as in the visible
wavelength range, a small feature size is required, so
nanofabrication techniques such as electron-beam lithog-
raphy, focused ion beam (FIB) lithography, and

Box 1 Designing a metalens

Step 1: Choice of unit cell

Metasurfaces consist of carefully arranged “unit cells” or “meta-atoms”with subwavelength structures. The optical response
(phase, amplitude, and polarization) of the unit cell to the incident wave changes with its geometry (height, length, width,
shape, material, etc.). For a transmission-basedmetalens, a simple unit cell could be a periodic 2D array of nanopillars. It is
the simplest design and the optical response is independent of the incident polarization.

Step 2: Generation of phase map

Normally, the incident wavelength of a metasurface device is known, i.e., it is not a variable. The variables are geometric
parameters of theunit cell, e.g. height, radius, andperiod. By scanning these parameters, one can generate a lookup table of
the phase, i.e., a phase map. The height and period that give desired transmission (uniform and high transmission values)
and phase (phase coverage from 0 to 2π) properties is chosen. Then the phase of the nanopillar array can be controlled
by changing its radius. The phase map describes the relationship between the phase and the radius of the nanopillar for a
specific height and period.

Step 3: Mapping of phase profile

With the knowledge of thephasemap, it is possible to create ametasurfacewith anarbitrary phaseprofile.Note that a phase
profile is different from the phase map described in Step 2. A phase profile is the target phase of a metasurface device as a
function of the spatial position, i.e., placement of unit cells with different radii based on the phase map. For the case of a

metalens, the phase profile is a hyperbola (for 2D focusing into a focal line): φ(x) � −2π/λ × (
��
f 2

√
+ x2 − f ) or a

hyperboloid (for 3D focusing into a focal point): φ(x, y) � −2π/λ × (
��
f 2

√
+ x2 + y2 − f ) , where λ is the wavelength, f is the

focal length of the metalens, x, y are the spatial coordinates. At a given spatial position, it is possible to calculate the
required nanopillar radius that can produce a specific phase value (closest to the target phase value) based on the phase
map.
Note that for a largemetalens (lens diameter >mm) thatmay consist of billions of such nanopillars, the file size that stores
the radius and position information is huge beyond the fabrication capability. In such cases, radial symmetry with fixed
edge-to-edge distance or other non-periodic arrangement (i.e. variable period) of the nanopillars can be utilized to reduce
the file size.

Step 4: Modeling of full lens

The fullmetalens is constructed based on the phasemap data in Step 2 and the target phase profile in Step 3. Themetalens
is modeled using finite-difference time-domain (FDTD) technique. Commercial FDTD software is available. The incident
waves pass through the metalens when propagating and eventually interfere constructively at the designed focal length.
By studying the focal profile (intensity vs position), it is possible to determine the full width at half maximum (FWHM) of
the focused spot size and compare it with the theoretical diffraction limit.
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nanoimprint lithography are normally used. For applica-
tions with a longer wavelength range such as in the
infrared wavelength range, the feature size requirement is
relaxed, so microfabrication techniques may be sufficient,
such as photolithography. These are top-down–based
lithography techniques, and bottom-up–based lithog-
raphy technique such as self-assembly lithography has
also been reported for the fabrication of metasurfaces. A
detailed review of various fabrication techniques including
the advantages and disadvantages can be found in a study
by Su et al. [47].

Photolithography is a high-throughput fabrication
method at the microscale and nanoscale. It is the most
commonly used fabrication method in the semiconductor
industry due to its advantages, such as high reproducibility,
high yield, low cost, and mass production availability.
Photolithography uses a photomask to cover the photoresist
which is a light-sensitive substrate. There are two types of
photoresist: positive and negative resist. The photomask is
used to transfer the pattern into the photoresist after expo-
sure to light. The photoresist is then used to deposit mate-
rials in the desired pattern or used as a photomask for
etching patterns onto a substrate placed under the photo-
resist. After the pattern is transferred to the wafer, the
photoresist is removed. The resolution of a photolithog-
raphy system depends on thewavelength of the light source
and the reduction lens system. Traditional UV photolithog-
raphy based on Hg lamps has a resolution of 1 μm which is
suitable for metasurfaces with a large feature size at longer
wavelengths (mid-infrared wavelength range and beyond).
For example, in a study by Zhang et al. [9, 80, 81], meta-
surface devices in the mid-infrared wavelength range were
fabricated using photolithography, and in a study by Chen

et al. [32] and Hu et al. [82], metasurface devices were
designed in the terahertz and microwave frequencies.
Recently, there has been a trend in using deep-UV photoli-
thography with an excimer laser source to fabricate meta-
surfaces at the visible [14] and the near-infrared wavelength
[10, 83] in an attempt for scalability and mass production.

Electron beam lithography, commonly known as
e-beam lithography is a form of fabrication that produces
patterns with high resolution down to sub 10 nm. It does
not require a mask and uses an electron beam to etch the
pattern directly onto the resist. The electron beam changes
the solubility of the resist, and the resist is then selectively
removed using a solvent. As with photolithography, the
purpose of e-beam lithography is to etch patterns into the
resist and deposit other materials in the desired pattern or
for further etching. Metasurfaces fabricated using e-beam
lithography are normally sub-mm [12, 15, 48]. This form of
lithography has low throughput, limiting it to low volume
production and research purposes only.

FIB lithography is another technique for fabricating
patterns with high resolution. It uses a finely focused beam
of ions (usually gallium, Ga+) operating with high beam
currents for localized sputtering or milling. The sputtering
process is a deposition of Ga atoms on the surface. Milling
occurs by the physical bombardment of high energy Ga
ions to remove the surface materials. The resolution can
reach 10–15 nm. One advantage of using FIB for micro-
machining or nanomachining is that it is a direct writing
process, i.e. no additional etching step is necessary. Met-
asurfaces fabricated using FIB have been reported in a
study by Lin et al. [84] and Liu et al. [85]. Especially it has
been widely used to pattern metasurfaces in fiber [24] or on
the fiber facets [86, 87]. Compared to electron beam
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lithography, FIB is also low throughput, but the material
selection of the sample is relatively limited. The milling
rate varies and greatly depends on the samplematerial. FIB
can be used to pattern nanostructures on fiber tips, but
electron beam lithography cannot.

Nanoimprint lithography [88] is a high throughput
method that has a high resolution, is low cost, and able to
imprint a large area and can be done in a single step.
Nanoimprint lithography uses a mold (fabricated using
photolithography or e-beam lithography) to imprint the
pattern onto a substrate coated with a UV-curable resist
layer, the substrate is then processed by heat or UV light
followed by a release step and etching process to remove
the residual. Nanoimprint lithography is an ideal choice for
low cost and large volume metasurface fabrication with a
resolution down to 100 nm [89–91], which is sufficient
enough for most metasurfaces in the visible wavelength
range.

Self-assembly lithography [92], also known as directed
self-assembly, is a form of fabrication that can be used to
mass producemicroparticles and nanoparticles for devices
of the high complexity. This method can achieve sponta-
neous assembly of the pattern by intermolecular attraction
and repulsion. Direct assembly lithography uses block co-
polymer which can be engineered to have different
morphology. Surface interactions and thermodynamics
between the block copolymers allow the formation of
shapes and patterns. However, the interactions will
assemble randomly; hence the block copolymer needs to
be directed to form the desired pattern. This can be ach-
ieved through epitaxy, using a chemical pattern on the
surface to direct, or graph epitaxy, using surface topology
to align the block copolymers. Examples of metasurfaces
fabricated using this technique are included in the studies
by Kim et al. [93], Mayer et al. [94] and Wu et al. [95]. This
form of lithography is high throughput and low cost but
faces challenges in achieving the uniformity and may only
generate limited patterns.

3 Bioimaging

Optical bioimaging usually obtains information based on
the transmitted, reflected, and scattered light. The infor-
mation obtained reflects the intensity, phase, and polari-
zation properties of light. Metasurfaces can control these
properties through the interaction of light with the meta-
atoms and hence improve the imaging quality. In this
section, metasurface-based imaging modalities such as
chiral imaging study the polarization of light; endoscopic
OCT, fluorescent imaging, super-resolution imaging, and

MRI study the intensity of light; QPI study the phase of
light. Features of metalenses for imaging include
diffraction-limited focusing, high-quality imaging, and
multifunctionalities [48]. As the phase profile of ametalens
can be designed accurately, it can closely approximate the
ideal phase of a perfect lens to focus light at the theoretical
fundamental diffraction limit without spherical aberra-
tions. The nanostructure arrangement to realize the
designed phase profile also gives the flexibility to add
functionalities to the metalens while preserving its thin-
ness (hundreds of microns) to make it a complex meta-
surface device (metadevice). Note that only metasurfaces
with demonstrated biological experiments are covered in
this section. Metasurfaces with a potential for bio-
applications are covered in Section 5. Future Directions.

3.1 Chiral imaging

Biological analytes, such as amino acids, enzymes,
glucose, collagen, etc. possess intrinsic chirality (or
handedness) which means they cannot be superimposed
on their mirror images like the human hands. Chirality also
plays a fundamental role in drug discovery, without the
correct chirality, many biomolecules cannot function.
Hence, optical chiral imaging based on light polarization is
an important research topic in the biology community.
Conventionally, it is relying on cascading of multiple op-
tical components in a sophisticated setup which is costly
and bulky. Khorasaninejad et al. demonstrated using a
single metalens (termed “multispectral chiral lens”) to
replace the bulky setup and imaged a chiral beetle as
shown in Figure 2a, b [96]. The metalens consisted of
rectangular-shaped nanofins made of TiO2 with P–B phase
shifts. It acted on light with different polarizations and
separately focused LCP and RCP light at different locations
displaying two images of an object with different hand-
edness within the same field of view. Because the beetle’s
exoskeleton strongly reflects LCP light and absorbs more
RCP light, the skeleton structures are more clearly visual-
ized with the LCP image, and the RCP image appears
darker. Another metasurface-based polarization imaging
technique that includes a compact polarization camera
was developed by Rubin et al. [97]. Based on this approach,
they were able to acquire images with the full polarization
state information, while no traditional polarization optics
and moving parts were used. One of the measurement
objects was a human face whose 3D features were
discernible only from the polarization image taken by the
camera but not from the intensity image. This study
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Figure 2: (a) and (b): Chiral imaging; (c)–(e) Fluorescent imaging. (a) (Top row) Perspective view, top view, and side view of the metasurface
meta-atoms. (Bottom row) Schematic showing an object is imaged by ametalens which generates two images according to the polarization of
the light. The green arrow represents left circularly polarized (LCP) light and blue represents right circularly polarized (RCP) light. (b) A beetle
sample imaged by LCP light (left) and RCP light (right) showing different features illuminated with a green, blue, and red LED. (a) and (b)
Reproduced with permission from Khorasaninejad et al., Nano Lett. 16, 4595–4600 (2016) [96]. Copyright 2016 American Chemical Society.
Direct link: https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b01897. Further permissions related to the material excerpted should be
directed to the ACS. (c) (Left) Schematic of the metasurface-enhanced axial-narrowing imaging system. Obj: objective lens, DM: dichroic
mirror, M: mirror, L1–L2: lenses, P: pinhole. (Right) Schematic of the metasurface consisting of circular-shaped nanodiscs made of a-Si:H. P:
period, r: radius, T: thickness. The metasurface reflects a narrow range of wavelengths. (c) Reproduced with permission from Lee et al., Opt.
Mater. Express 9, 3248 (2019) [99]. Copyright 2019 Optical Society of America. (d) Schematic showing a two-photon microscope setup with a
double-wavelength metalens (DW-ML). Light excitation and collection are from the same position from the sample, i.e. from the same focal
plane which is different from a conventional metalens. ML: metalens. (e) Two-photon fluorescent images of microspheres captured by
metalens and conventional objective lens. (d) and (e) Reproduced with permission from Arbabi et al., Nano Lett. 18, 4943–4948 (2018) [101].
Copyright 2018 American Chemical Society.
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suggests that the metasurface-based polarization tech-
nique could be used in 3D facial recognition and
reconstruction.

3.2 Endoscopic OCT

High-resolution endoscopic optical imaging is known to be
an important tool in biological imaging for studying in-
ternal organs. OCT is an imaging technique capable of
obtaining tissue microstructures at millimeter depths
within the tissue and has been used in ophthalmology,
head and neck cancer, cardiovascular diseases, and
dermatological clinical diagnosis. OCT uses low-coherence
light interferometry configuration to detect the change in
the refractive index of the sample and thus offers
morphological information. A clinical endoscopic optical
imaging device based on OCT integrating a metalens
(termed “nano-optics endoscope”) was developed [98]. It
addressed the spherical aberration and chromatic aberra-
tion that are undesirable. The metalens consisted of
circularly shaped nanopillars made of amorphous silicon
(a-Si) sitting on a SiO2 substrate. It was attached to a prism
at a fiber tip encased in an OCT catheter. By studying the
optical path of light traveling through the fiber, the prism,
the metalens and the catheter sheath reaching the tissue,
the authors designed a metalens that achieved both
diffraction-limited focusing resolution of (8.4 μm) and
large depth of focus (293 μm) with superior imaging per-
formance than its graded-index lens and ball lens coun-
terparts. Endoscopic OCT imaging in resected human lung
specimens and in sheep airways in vivo was demonstrated
using the probe.

3.3 Fluorescent imaging

Fluorescent imaging of NIH3T3 cells with an enhanced
axial resolution was enabled by a metasurface in a laser
scanning confocal microscopy configuration [99]. As
shown in Figure 2C, the metasurface consisted of an array
of a-Si:H nanodiscs working in a reflection mode in the
visible wavelength range. The peak reflectancewavelength
was tuned by having different radius and period values of
the nanodisc array. The enhancement of axial resolution
was based on the interference of the excitation and
reflection Gaussian beams which was able to confine light
beyond the diffraction limit along the axial direction and
increase the local electromagnetic field above the meta-
surface. In order to observe intracellular structures, such as
actin filaments, the NIH3T3 cells were stained with red and

green fluorescent dyes. Compared to normal confocal im-
ages, themetasurface-enhanced confocal images showed a
clear distinction between actin filaments (signal) and
elliptical shadows of the nuclei (background) and clearer
margins of the cells. The axial resolution enhancementwas
two-fold (around 217 nm), and the signal-to-background
enhancement was 1.75 fold.

High-resolution and wide field-of-view (FOV) fluores-
cent imaging of a Giardia lamblia cyst sample was
demonstrated with a disorder-engineered metasurface and
a spatial light modulator [100]. The goal of themetasurface
design as a disorderedmedium (i.e. diffuser) is to give a far-
field pattern that is isotopically scattered over the target
angular ranges. One of the advantages of using metasur-
face for wavefront shaping compared to other types of
diffusers is that the disorder of metasurface can be
designed, so the input–output characteristics are known as
a priori which saves time for initial characterization. It also
has excellent stability and a wide angular scattering angle
(up to 90°). In particular, it was demonstrated that the
proposed system (NA > 0.5, FOV ∼ 8 mm) was able to
provide a quality image with the same resolution of a 20×
objective but with a FOV of a 4× objective and the image
quality was maintained for over 75 days.

Two-photon (or multiple-photon) excitation micro-
scopy is a fluorescence imaging technique that utilizes a
nonlinear process whereby a fluorophore is excited by two
or multiple infrared photons and emits a single photon of
higher photon energy in the visible spectrum. Because
infrared light can penetrate deeper into the tissue and
cause less photodamage, it has advantages over the
confocal microscopy that uses single-photon excitation.
Recently, a two-photonmicroscope based onmetasurfaces
was reported [101]. The novelty is that the metalens was
able to focus two wavelengths at the same focal plane
(termed “double-wavelength metasurface lens”). The two
wavelengths correspond to the excitation and emission
wavelength, i.e., 820 and 605 nm, respectively. As shown
in Figure 2d, conventional lenses including metalenses
typically focus different wavelengths at different focal
planes due to the chromatic aberration which may
compromise imaging quality. The metalens consisted of
rectangular-shaped polycrystalline silicon (p-Si) nano-
posts on a fused silica substrate embedded in a SU-8 layer.
As a proof of concept, the authors used fluorophore-coated
polyethylene microspheres as imaging objects and ach-
ieved comparable imaging performance as the conven-
tional objective lens counterpart, as shown in Figure 2e.
Almost all fluorescent clusters are visible in both cases, but
the metalens is much more compact and easy to integrate
with other optical components, such as a dichroic mirror.

S. Zhang et al.: Metasurfaces for biomedical applications 9



Areas of improvement and exploration were also discussed
such as using a metasurface with a double layer to correct
for off-axis aberration and the effect of using high power
pulsed laser sources. Recently, an endoscopic version of
the double-wavelength metalens was proposed [102]. The
metalens was designed to focus an excitation wavelength
at 915 nm and collect with an emission wavelength at
510 nm at the same focal spot with an NA = 0.895 in a
mouse brain environment. Based on theoretical calcula-
tions, the lateral resolution can reach a value of 0.42 μm.

3.4 Super-resolution imaging

Super-resolution imaging beyond the diffraction limit
can greatly improve image resolution and allows tiny bio-
logical features to be seen optically without the need
for electron microscopy. Techniques such as near-field
scanning optical microscopy [103], stimulated emission
depletion microscopy (STED) [104], structured illumination
microscopy (SIM) [105], andothershavebeendevelopedover
the years. In particular, SIM utilizes light interference pat-
terns to improve the resolution and is uniquely suitable for
wide-field biological imaging with high speed. The recently
developed plasmonic structured illumination microscopy
(PSIM) explores the interference of the counter-propagating
surface plasmon waves of adjacent metallic slits of sub-
wavelength dimensions [106, 107]. The tuning of the inter-
ference pattern was achieved by changing the light incident
angle. As the angle changes, the interference pattern shifts
laterally. This expands the detectable spatial frequency
range in the Fourier domain which translates to a resolution
improvement of 2.6-fold. An improved version of the PSIM
system was later developed by utilizing localized plasmonic
structured illumination microscopy (LPSIM) [108, 109].
Instead of using propagating wave interference in PSIM,
LPSIM makes use of the tight confinement of localized
plasmonic fields at the surface. The structure was a meta-
surface consisting of a 2D hexagonal array of silver nano-
discs embedded in glass (Figure 3a). Near-field patterns
generated by the metasurface under different illumination
conditions were studied to optimize the design. Imaging of
neuron cells expressing Fzd3-TdTomato was demonstrated
[108]. With a high-speed camera, video imaging at 4 Hz of
microtubules over a 28 × 28 μm FOV under a low laser illu-
mination power was demonstrated. The diffraction-limited
images and super-resolution images are shown in Figure 3b
and c, respectively. The LPSIM system could image subcel-
lular features with a resolution on the order of ∼λ/11 [109].
The full width at half maximum (FWHM) of the line profiles
show an improvement from 275 to 75 nm (Figure 3d). With a

high spatial–temporal resolution, LPSIM has proved the
potential for monitoring the dynamics of proteins in the cell
membranes of neurons and other tissues. Due to the
evanescent nature of localized surface plasmons, LPSIM is
best applied to image very thin objects or at the surface of a
thick object. An alternative is to use a hyperbolic meta-
material assisted illumination which uses a metallic/dielec-
tric alternating layered structure to achieve super-resolution
imaging at the far-field [110]. A resolution of 80 nm which is
sixfold resolution enhancement of the diffraction limit has
been achieved with an Ag/SiO2 multilayer structure.

3.5 Magnetic resonance imaging

Metasurfaces have also been used in other modalities of
biomedical imaging. MRI is a medical imaging technique
that uses strong magnets and radio waves to generate im-
ages of the anatomy and the physiological processes of the
body or an animal subject. It has beenwidely used to study
different organs especially the brain for neuroimaging. One
of the drawbacks of the MRI scan process is the long
scanning time which makes the patient uncomfortable.
The time required can be reduced by improving the signal-
to-noise ratio (SNR) which is an important parameter for
characterizing the image quality. Many approaches have
been proposed to improve the MRI characteristics
including receive coil optimization, the use of special
contrast agents, and the use of high dielectric materials.
Recently, metasurfaces have been explored to enhance
MRI quality. In contrast to other techniques, metasurfaces
can controllably redistribute the radiofrequency electro-
magnetic field at the subwavelength level and hence in-
crease the SNR. By studying the electromagnetic field
distribution at different excitation frequencies, one can
locally enhance only the magnetic field strength and sup-
press the electric field. Slobozhanyuk et al. [111] demon-
strated that by placing ametasurface pad underneath afish
sample with a 1.5 Tesla (T) MRI system, the SNR was
increased by more than two times and the scanning time
was reduced by 10 times. The metasurface consisted of an
array of metallic wires in a water base holder. A tunable
metasurface version was proposed which can tune the
resonance frequency of the metasurface pad to match that
of the MRI system [112]. This was achieved by changing the
water level and thus change the effective permittivity. An
SNR improvement of seven times was reported and imag-
ing experiment with grapefruit was conducted with a 1.5 T
MRI system. The homogeneity of the enhancement region
was improved as well. Not only plant samples, but an in
vivo experiment with the human brain with a 7 T MRI
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system has also been reported, as shown in Figure 3e [113].
The metasurface pad consisting of carefully designed
conductor strips and a high permittivity pad was made
flexible and ultrathin such that it was able to fit underneath
a person’s head and a close-fitting receive coil array. An
average enhancement factor was about two times. Other
experiments include SNR improvement on in vivo imaging
of a human wrist with a 1.5 T MRI system [114, 115].

3.6 Quantitative phase imaging

QPI is a label-free technique that measures the phase shift
quantitatively when light passes through a more optically
dense object. It is especially useful to image translucent
objects, such as a living human cell which absorbs and
scatters little light and difficult to observe in an ordinary
optical microscope. Another advantage of QPI is that it is

complementary to fluorescence microscopy that uses la-
bels, thus exhibiting lower phototoxicity without photo-
bleaching [116]. The QPI generates phase images instead of
intensity images. The phase information obtained provides
quantitative information about the morphology and dy-
namics of individual cells and is sensitive to their thickness
and relative refractive index. A typical QPI system is built
on a conventional microscope with additional optical
components to obtain and analyze the interferencepatterns,
hence it is fundamentally difficult tominiaturize.Recently, a
metasurface version of theQPI systemwith a footprint in the
order of 1 mm3 was demonstrated [117]. It was based on two
cascaded metasurface layers made of dielectric materials.
The first metasurface layer captured two images for trans-
verse electric and transverse magnetic polarizations and
redirected them in three different directions to the second
metasurface layer, where three birefringent off-axis metal-
enses were located. After the second metasurface layer,

Figure 3: (a)–(d): Super-resolution imaging; (e)magnetic resonance imaging (MRI) imaging. (a) Near-field intensity distributions generated by
the metasurface under the illumination of trasnverse-magnetic (TM)-polarized light at an angle of −60°, 0°, and 60°, along the symmetry axes
of the localized plasmonic structured illumination microscopy (LPSIM) substrate. (b) One frame of the video recording of green microtubules
with diffraction-limited imaging and (c) with super-resolution imaging. (d) Reduced full width at half maximum (FWHM) of the super-resolution
imaging compared to diffraction-limited one along the two dashed yellow lines in (b) and (c). (a)–(d) Reproduced with permission from
Bezryadina et al., ACS Nano 12, 8248–8254 (2018) [109]. Copyright 2018 American Chemical Society. (e) Illustration and photograph of the
experiment showing an MRI scan for a human brain with a metasurface consisting of a high permittivity dielectric pad and metallic stripes.
Numerical simulation showing that metasurface can locally redistribute the magnetic field and electric field. (e) Reproduced with permission
from Schmidt et al., Sci. Rep. 7, 1678 (2017) [113]. Licensed under Creative Commons Attribution 4.0 International License.
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three interference contrast images with phase offsets were
measured and combined to form the final phase image. In
this way, the quantitative phase image was obtained in a
single shot. A sea urchin cell was imaged. The phase
sensitivity was 92.3 mrad/μm and the lateral resolutions
were 2.76 and 3.48 μm which made it possible to observe
detailed morphology inside the cell. It is impressive that
metasurface enablesminiaturization of the system to such a
small footprint yet can achieve single-cell resolution.

4 Biosensing

In the past decade, there has been a crucial need for a
rapid and reliable method for molecular binding moni-
toring, cell study, and cancer detection, while the existing
methods, such as PCR, enzyme-linked immunosorbent
assay, and mass spectrometry are time-consuming and
require delicate experts [118]. Metasurface biosensors

consisting of plasmonic and/or dielectric nanostructures
provide a novel analytical alternative with the advan-
tages of rapid, label-free, and sensitive detection for
various biological samples. There are existing review
papers dedicated to the design and applications of plas-
monic biosensing such as surface-enhanced Raman
scattering biosensors [119], surface plasmon resonance
(SPR) biosensors [120, 121], localized surface plasmon
resonance biosensors [122], optical fiber integrated bio-
sensors [123–125], and microfluidics integrated bio-
sensors [126]. Hence we have made the scope of this
review paper to metasurface biosensing at the molecular
and cellular levels with a focus on results that have
appeared after the first introduction of the metasurface
concept [8]. This section covers metasurface biosensors
developed and applied for the targeted detection of an-
tibodies and proteins [127–136], DNAs [138–143], cells
[141–145], and cancer biomarkers [146–149]. Table 1
summarizes the performance of different metasurface

Box 2 Performance factors of metasurface biosensors

1. Bulk RI sensitivity

Asmentioned earlier, themain principle of themetasurface biosensor is its ability to detect changes in the refractive index
(RI). This is determined by the bulk RI sensitivity (SB), which is given by the following equation [196]:

SB � dλr
dnB

where λr represents the wavelength where the SPR occurs and nB represents the RI of the medium that is in contact with
the sensor. The SB is dependent on several factors such as the type of electromagnetic (EM) modes (decay length),
resonant wavelength, excitation geometry, and the individual properties of the substrate.

The localization of the EMmode is one of the biggest contributing factor affecting SB. Based on the following papers
[197, 198], delocalized modes yields higher SB values as opposed to localized modes [197, 199, 200]. By using gold films
structured with propagating surface plasmon (PSP), it can produce SB values far superior than those which are produced
by localized surface plasmon (LSP) when excited on gold nanoparticles [197] and on a gold film [198].

Another factor that affects SB is the resonant wavelength (λr), as the resonant wavelength increases, so does the SB.
Research has shown that the shape of the nanoparticle will not affect the SB [201], but the size [161] and sharpness of the
edges [162] of the nanoparticles will. For example, the increasing size of the bipyramid nanoparticles increased the
sensitivity, and the less sharp of the edges on polyhedral nanoparticles, the poorer the sensitivity.

2. Figure of Merit (FOM)

The SB is used to determine the change in RI, it is proportionate to the ability of the sensor to detect minute changes in RI
and it is also inversely proportionate to thewidth (w) of the spectral dips and peaks that are beingmeasured. The features
when combined yield the FOM. It allows the quantification of the sensing potential of different nanostructures, it is given
by the following equation [196]:
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biosensors mentioned in this section. Box 2 serves as a
reference guide for performance factors of evaluating a
biosensor.

4.1 Antibodies and proteins

Biosensing with metasurfaces is closely related to surface
plasmon polaritons (SPPs), which has beenwidely used for
such applications [150–159]. However, the 2D periodic
structures of metasurfaces can allow lower radiative
damping loss at resonance and enable high quality factor
detection with Fano resonance and plasmonic induced
transparency [160]. Metasurfaces are also capable to pro-
vide multiresonance responses that are difficult to achieve
with conventional SPP sensors [160]. Kabashin et al. [127]
reported a pioneer work on metasurface biosensing using
gold nanorods with a prism coupler. Both guided and
longitudinal plasmonic modes were excited at the nano-
rods sensing layer, which allowed the sensor to provide
enhanced sensitivity and narrow figure of merit (FOM)
performance. The nanorods also offered a larger surface
area for biomolecular sensing, which significantly

improved the detection sensitivity. The sensor has been
applied for the detection of streptavidin-biotin binding and
the detection limit was found to be 300 nM. The perfor-
mance of metasurface-based sensors was further improved
by using an asymmetric split-ring array [128]. It excited the
low-loss quadrupole and Fano resonance with a narrow
linewidth, which showed an order of magnitude
enhancement in the quality factor over planar terahertz
metamaterials. The sensor sensitivity was found to be
7.75 × 103 and 5.7 × 104 nm/RIU for the quadrupole and
Fano resonance, respectively.

A tunable metasurface biosensor consisting of a gold
nanoantenna array and a graphene layer has recently been
reported by Yu’s research group [129, 130]. This operates in
the mid-infrared spectral range and provides both quanti-
tative measurement and fingerprint structure information
for biomolecules. The structure of the active metasurface is
described in Figure 4a. Gold nanorod antennas were
fabricated on a graphene layer and a gate voltage was
applied to tune the Fermi level of the graphene. A 400 nm
SiO2 layer and a Pt back mirror were deposited below the
nanostructure. It supports two hybrid plasmon–phonon
modes shown as dips in the reflectance spectra (Figure 4b

FOMB � SB
w

PSP sensors can achieve a higher FOM compared to LSP sensors based on results from these papers [197, 199, 200]
because of its narrower spectral features. However, FOMdoes not entirely translate to better performance as seen in [197],
when the FOM for LSP excited on gold nanoparticles reached a maximum value at a wavelength of 700 nm. Its
performance outperformed that of PSP sensors by 15% with the potential to increase performance further by three fold if
the access to the sensing surface for the target molecules is improved.

3. Limit of Detection (LOD)

The surface coverage resolution, σT , determines the sensitivity of the metasurface biosensor to detect the analyte
captured on the surface. It can also be seen as the minimum change that occurs when molecules are bound on to the
surface, this can be expressed as [196]:

σT � σSO

ST

where σSO is the standard deviation and ST is the sensitivity of the molecular mass bound to the sensor surface. However,
this equation does not take into account the analyte transport of themolecules from the solution. Hence, it is necessary to
define the LOD. It is the best method to represent the sensitivity of the biosensor. LOD represents the smallest concen-
tration that can be detected by the metasurface biosensor. This is usually determined by how sensitive a sensor is based
on three standard deviations of blank measurements, it is expressed as [196]:

LOD � 3σb

Sc
 

where Sc represents the change in the sensor output divided by the change in concentration that results in the change in
sensor output. It is dependent on the ST , which is the rate that the analyte is being transferred from the solution to the
surface of the sensor and the required energy for the interaction between the analyte and the binding substrate.
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and c). The biosensor can also operate in a passive mode
without the graphene layer (Figure 4d). Human antibody
immunoglobulin G (IgG) was used to evaluate the perfor-
mance of the metasurface biosensor. Protein A/G was
attached to the gold nanoantennas as the capture agent
because it contains both protein A and protein G binding
domains which have a high affinity with the fragment
crystallizable region of the IgG, this would reduce
nonspecific biding allowing better sensitivity and speci-
ficity. The results show that as the IgG concentration
increased, the resonance shifted to a lower wavelength.
Two other peaks were also observed when the intensity
increased with the increase in IgG concentration. These
two peaks should be assigned as amide I and amide II
(Figure 4e). The shift in resonance and the change in in-
tensity of the amide peaks show a strong correlation that
the change was due to IgG binding rather than nonspecific
binding. The detection limit was 30 pM. Physiologically, it

means the device can detect biomarkers for colon cancer
which is 10 nM [161]. However, the value still needs to be
improved as the detection limits of biomarkers for prostate
cancer and ovarian cancer are 1 [162] and 4 pM [163],
respectively. The metasurface has further been applied for
surface-enhanced Fourier transform infrared (FTIR) mea-
surement for IgG molecules. The measurement results
show that it can provide four orders of magnitude
improvement in the detection sensitivity compared to
conventional attenuated total reflection FTIR method
(Figure 4f).

Metasurfaces has also been combined with hyper-
spectral imaging for ultrasensitive biosensing by Altug’s
research group [131]. In this case, the metasurface con-
sisted of an array of zigzag structures arranged in pairs. The
pairs of nanobars were tilted along the y-axis in an asym-
metrical manner, which increased the resonance for strong
light trapping making it optimal for biosensing and

Table : Summary of metasurface biosensors.

Detection sample Sample type Nanostructure Performance Reference.

Streptavidin-biotin binding Small molecule Random gold nanorod  nM []
Human antibody immunoglobulin G (IgG) Antibodies Gold nano-antenna

array
 pM []

Mouse IgG (M-IgG) Protein Elliptical zigzag array  molecules/μm []
Protein A/G monolayer Protein Elliptical zigzag array  molecules/μm []
Insulin, vascular endothelial growth factor (VEGF),

and thrombin biomarkers
Protein Al nanodisks-in-

cavities array
 fmol in a  µL droplet []

HIV envelope glycoprotein Protein Nanograting Nil []
Immunoglobulin G (IgG) Protein Nanowire array  pM []
Streptavidin-biotin binding Small molecule Metallic nanogroove

array
 fM []

DNA aptamer-human odontogenic ameloblast-
associated protein (ODAM) binding

Protein Elliptical zigzag array . pg/mm []

DNA aptamer-fructose, chlorpyrifos methyl and
thrombin binding

Molecule Gold patch array . ng []

DNA–DNA molecular binding DNA Three-arm
nanoantennas

Nil []

ssDNA DNA Graphene–gold
metasurface

 aM []

Epithelium derived oral cancer cell (HSC) Oral cancer cell Concentric gold
nanorings

Nil []

GABA neurotransmitter Cell Gold nanodipoles Nil []
Lipid membrane-streptavidin Cell lipid

membrane
Gold nanoantenna
array

Nil []

Fungi, Penicillium chrysogenum, (penicillum), and
Bacteria, Escherchi coli (E. coli)

Bacteria Gold square rings 
 units/ml (E. coli) []

Epidermal growth factor receptor  (ErbB) Breast cancer
biomarker

Silicon nanopost array . ng/ml []

Alpha-fetoprotein (AFP) and Glutamine transferase
isozymes II (GGT-II)

Liver cancer
biomarker

Gold split ring . μg/ml (AFP) and
 mu/ml (GGT-II)

[]

Epithelium-derived oral cancer cell (HSC) Oral cancer cell Gold double split ring
array

 kHz/cell ml− []

GABA, gamma-aminobutyric acid; AFP, alpha-fetoprotein.
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allowed spectral tunability. In the optical set-up, a
continuously tunable bandpass filter was coupled to a
supercontinuum laser source to excite the metasurface at
different wavelengths and the spectral images were
captured by a CMOS camera. The imaging sensor was
demonstrated for the molecular binding detection of rabbit
antimouse IgG (R-IgG) and mouse IgG (M-IgG). By
comparing the shift maps of 66 different concentrations of
samples, the results showed that three molecules per μm2

binding would result in ∼0.4 nm shift in resonance. This is
due to the extremely localized fields generated by the tilt-
ing of the nanobars. The zigzag array structure was also
used in a 2D pixel format to achieve imaging-based spec-
trometerless molecular fingerprint detection [132]. The
resonance position of each pixel was tuned by changing
the sizes of the meta-atoms. The 2D spectral barcode sys-
tem covered themid-IR range between 1300 and 1800 cm−1,
which were located in the spectral absorption regions of
protein amide I and amide II functional groups. The system
was then demonstrated for protein A/G monolayer

detection, where the spectral peaks of amide I (1650 cm−1)
and amide II (1540 cm−1) were measured in the trans-
mission imaging measurement and correlated with the
results of the FTIR spectroscopy. The detection capability
of the system has further been tested with PMMA, PE, and
glyphosate pesticide in order to show its potential for
various application fields in biosensing, material science,
and environmental monitoring.

Aluminum normally provides weak plasmonic
response due to the relatively low electron density
compared to noble metals. However, Siddique et al. [133]
recently presented a metasurface structure comprising
aluminum-based nanodisks-in-cavities array which could
achieve 1000-fold fluorescence enhancement in the visible
wavelength range. This designed structure generated
hybrid multipolar lossless plasmonic modes, which
enabled strong electromagnetic field confinement.
Through these signal enhancement effects, the metasur-
face sensor was used for the detection of insulin,
vascular endothelial, and thrombin biomarkers. These

Figure 4: A tunable metasurface biosensor consisting of a gold nanoantenna array and a graphene layer for IgG antibodies detection.
(a) Schematic of the active metasurface sensor with a graphene tunable layer. The Fermi level is tuned by an applied gate voltage. (b)
Reflectance spectra for themeasurement of the protein A/Gmonolayer at different gate voltages. (c) Relative absorption spectra of the amide I
and II bands of the protein A/Gmonolayer at various voltages. (d) Schematic of the passive metasurface sensor. Gold nanorod antennas were
fabricated on the 400 nm SiO2 thin film and a gold back mirror, while the gap between each nanorod antennas is 30 nm. (e) Measured
reflectance spectra for the protein A/G monolayer and the molecular binding with different concentrations of IgG antibodies. (f) Surface-
enhanced Fourier transform infrared (FTIR) measurement for IgG molecules. The measurement results show that it can provide four orders of
magnitude improvement in the detection sensitivity compared to conventional attenuated total reflection FTIR method. (a)–(f) Reproduced
with permission from Li et al., ACS Photonics 6, 501–509 (2019) [129]. Copyright 2019 American Chemical Society.
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biomolecules with a low concentration of 1 fmol could be
detected in a 10 μl droplet.

Recently, a DVD-based metasurface has been reported
[134], which provides the advantages of cost-effective,
large detection area, andmultimodal sensing. Amultilayer
structure of titanium (Ti), silver (Ag), and gold (Au) layers
were deposited on a clean DVD surface. The period of the
grating structure was 750 nm and the height was 60 nm.
Refractive index sensing of different concentrations of
glycerol (1.336–1.428 RIU) has been conducted and the
sensor sensitivitywas found to be 377.69 nm/RIU,while the
asymmetric Fano resonance peak red-shifted from 524.3 to
553.2 nm. Themetasurfacewas functionalizedwith an anti-
gp120 HIV antibody and applied for the detection of HIV
envelope glycoprotein (gp120, 200 μg/ml) located at the
HIV-1 virus surface. After that, the sensor was used for
detecting HIV-1 virus, cumulative resonance wavelength
shift was demonstrated at the Fano resonance peak for
HIV-1 virus in the concentration of 40 and 80 copies/μl. In
addition, the measurement was correlated with SEM im-
ages of the HIV-1 virus on the nanograting structures.

A leaky cavity mode resonance (LCMR)–based detec-
tion has been demonstrated with a metasurface biosensor
consisting of a silicon nanowire array and a graphene
monolayer (Figure 5a) [135]. Siliconwas used because of its

high refractive index, low loss, and its ability to be inte-
grated with current sensing technology. In addition, the
silicon nanowire structure was also able to alter the LCMR
wavelength; this can be achieved by altering the width and
height. This shift in resonance can be readily observedwith
an optical microscope, i.e. the change in resonance resul-
ted in a change in the color of the metasurface. The color
changed progressively from yellow to orange then red as
the spacing between the silicon arrays increased. The
metasurface was tested with the IgG protein, protein A/G
was used as a binding agent. The functionalized graphene
allowed for better binding of IgG on the metasurface.
Different concentrations of IgG were prepared in the
phosphate-buffered saline (PBS) solution and tested using
the biosensor (Figure 5b). The results indicated that the
increase in IgG resulted in a redshift of the resonance. The
difference in performance was also prominent when
comparing the graphene functionalized surface and the
silicon surface. The graphene functionalized surface has a
lower detection limit of 300 pM, while the silicon surface
showed a resonant shift below the noise level when the
concentration of the IgG was around 30 and 100 nM. This
shows that silicon binds poorly with biomolecules as the
number of the binding site that was present was low after
washing with PBS after the incubation phase.

Figure 5: Antibodies and protein detection.
(a) Schematic of the leaky cavity mode
resonance biosensor with periodic silicon
nanowires (SiNWs). A graphene monolayer
is overlaid on the SiNW array for the
adsorption of biomolecules. (b) The
resonant wavelength shift for themolecular
bindings between A/G protein and different
concentrations of IgG antibody. The
detection limit was found to be 300 pM.
(a) and (b) Reproduced with permission
from Guo et al., ACS Photonics 1, 221–227
(2014) [135]. Copyright 2014 American
Chemical Society. (c) Schematic of the
chiral solid-inverse metasurface structure.
(d) Polar plots for bovine serum albumin
(BSA) and concanavalin A proteins detec-
tion with the chiral metasurface. (c) and (d)
Reproduced with permission from Jack
et al., Nano Lett. 16, 5806–5814 (2016)
[137]. Copyright 2016 American Chemical
Society. Direct link: https://pubs.acs.org/
doi/10.1021/acs.nanolett.6b02549. Further
permissions related to the material
excerpted should be directed to the ACS.
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In addition, a hyperbolic nanogroove metasurface was
developed for bovine serum albumin (BSA)–biotin binding
detection [136]. The metasurface used a metallic nano-
groove structure on metal. Six patches of nanogroove ar-
rays were carved into themetal with each patch containing
5 × 5 nanogrooves. The metasurface was tunable by
altering the width and the period of the groove; in this
experiment, a period of 150 nm and a width of 30 nm were
used. Calibration of the sensing platform was performed
using glycerol of different concentrations. The change of
the differential phase was up to 36.448°, this corresponded
with the refractive index of 1.3326–1.3338 RIU. This means
that the differential phase sensitivity goes up to 30,373 deg/
RIU that is five times higher than conventional gold thin-
film sensors. Themetasurfacewas then used tomonitor the
interaction of BSA in mild to extreme dilutions. The intro-
duction of the BSA led to a change in the phase shift which
increased exponentially signifying the increase in binding
of the BSA. A washing step with distilled water was per-
formed to remove the BSA resulting in a slight decrease in
the phase shift. The higher concentrations of BSA would
yield a larger differential change in the phase as there was
more BSA present. The detection limit of BSA was found to

be 1 × 10−19 M. To further investigate the detection ability
of the sensing platform, biotin was used. A standard
streptavidin-biotin model was adopted, and the streptavi-
din was functionalized on the metasurface by phys-
isorption forces [164, 165]. The detection limit for biotinwas

found to be 1 × 10−15 M.
Furthermore, the chiroptical properties of chiral bio-

materials have been used for the detection of helical bio-
polymers and proteins [137]. As shown in Figure 5c, a chiral
plasmonic nanostructure with an inverse hybrid gold
metafilm was fabricated to sense the reflectivity and chi-
roptical properties changes of biomacromolecular sec-
ondary structures, and it provided specific fingerprints of
the α-helical, β-sheet, and disordered motifs. They further
demonstrated the measurement of BSA and concanavalin
A proteins with polarimetry Figure 5d. It was a new
detection approach that did not rely on refractive index
sensing and the detection limit could reach the picogram
range.

4.2 DNA detections

An angle-multiplexed dielectric metasurface has been
introduced for human odontogenic ameloblast-associated
protein (ODAM) detection by using single-stranded DNA
aptamer for periodontal diseases diagnosis [138]. A zigzag
array of elliptical germanium based metasurface was

designed for molecular binding detection at the mid-
infrared region (Figure 6a). In each unit cell, the plas-
monic resonance spectral position can be tuned by different
incidence angles. During ODAM detection, polylysine was
first bound to themetasurface to allow the immobilization of
DNA probes and polylysine interacted with DNA via elec-
trostatic interactions. Then, the ODAM molecules were
detected by DNA aptamer. The corresponding signal
increased at the amide I and amide II bands as shown in
Figure 6b. Experimental results showed that the detection
limit of the metasurface was 3000 molecules/μm2 that
would yielda surfacemassdensity of0.2 pg/mm2. This value
was comparablewith thedetection limit of thegold standard
BIAcore based measurement in molecules detection.

Furthermore, graphene-based metasurface with gold
patch resonator array (Figure 6C) were designed for the
detection of fructose, chlorpyrifos-methyl, and thrombin
with a probe DNA [139]. The graphene layer enhanced the
binding of analytes to the metasurface and elicited a
stronger response to external molecules with the π–π
stacking when molecules interact with delocalized π-elec-
trons of graphene (Figure 6d). Chlorpyrifos-methyl has a
benzene ring that interacts with the π-electrons on the
graphene, while fructose lacks π-electrons. Measurement
results showed that the reflectance shift of chlorpyrifos-
methyl is much larger than that of fructose and the detec-
tion limit of chlorpyrifos was 0.2 ng (Figure 6e, f). DNA
aptamers were further utilized for thrombin detection. The
molecular bindings between DNA aptamers and thrombin
produced a 4% reflectance intensity decrease.

Surface-enhanced fluorescence spectroscopy has been
demonstrated with metasurface for DNA–DNA molecular
binding detection [166]. The metasurface was designed
with gold log-periodic nanoantennas on a silicon dioxide
substrate with a three-arm design which allowed the
manipulation of circularly polarized waves (Figure 6g)
[139]. A thin film of titanium (3 nm) was used to ensure the
adhesion of the meta-atoms to the silicon dioxide sub-
strate. DNA probes labeled with fluorescence tags were
then functionalized onto the metasurface with a self-
assembled monolayer (Figure 6h). The surface-enhanced
fluorescence was excited with a CW diode at 640 nm.
Figure 6i shows the image of the fluorescence intensity of
the fluorescence molecules on the meta-atoms. Comparing
to the fluorescence intensity of the fluorescence molecules
on a gold film, it was shown that meta-atoms enhanced the
fluorescent signal.

The graphene–gold metasurface architecture was
demonstrated by Zeng et al. [167] to achieve ultrasensitive
biosensing. At the metasurface interface, a single (or
multilayer) layer of graphene was deposited on a gold
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Figure 6: DNA molecules detection.
(a) Design of elliptical zigzag array, while the trasnverse-magnetic (TM) and TEmodes vary at different light incident angles. Simulation results
show strong near field enhancement surrounding the resonators, which is suitable for signal amplification andmolecular vibration detection
for analytes. (b) At humanodontogenic ameloblast-associated protein (ODAM)detection, theODAMmoleculeswere detected byDNAaptamer.
The corresponding signal increase at the amide I and amide II bands. Experimental results showed that the detection limit of the metasurface
was 3000molecules/µm2 thatwould yield a surfacemass density of 0.2 pg/mm2. (a) and (b) Reproducedwith permission from Leitis et al., Sci.
Adv. 5, eaaw2871 (2019) [138]. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). (c) Gold patch
resonator array in 85–95 µm width was fabricated on the polyimide layer (4 μm thickness) and aluminum back-ground mirror (200 nm). The
metasurface was covered by a CVD-grown single graphene layer to form graphene-metamaterial heterostructure for biosensing applications.
(d) Numerical modeling of different Fermi levels of the graphene layer ranged from 30 to 120 meV. (e) Reflectance signal for different
concentrations of chlorpyrifos-methylmolecules (0.02–3.0mg/l). (f) Reflectance signal for fructosemolecules (0.1–5.0mg/ml).Measurement
results showed that the reflectance shift of chlorpyrifos-methyl is much larger than that of fructose and the detection limit of chlorpyrifos was
0.2 ng. (c)–(f) Reproducedwith permission fromXu et al., CarbonN. Y. 141, 247–252 (2019) [139]. Copyright 2019 Elsevier. (g) SEM image of the
three-arm log-periodic gold nanoantenna structure. The three-arm design allows polarization independence and it manipulates on circularly
polarized waves. (h) DNA probes were attached to the sensor surface to capture Alexa Fluor 647 labeled ssDNA targets. (i) The fluorescence
intensity across the nanoantenna array indicates the bindingbetween the probe andDNA targetmolecules. 4.8 times signal enhancementwas
recorded with the three-arm nanoantenna structure comparing to a flat gold film. (g)–(i) Reproduced with permission from Aouani et al.,
J. Phys. Chem. C 117, 18620–18626 (2013) [166]. Copyright 2013 American Chemical Society.
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sensing layer, which allowed a strong localization of the
electromagnetic field at the interface. In another approach,
gold nanoparticles were used to further enhance the sensor
response. The detection limit of ssDNAwas 1 × 10−18 M. The
authors also reported simulation results on a graphene–
MoS2 hybrid structure [168], which can provide a phase
sensor response enhancement factor of greater than 500.

4.3 Cells

Cell apoptosis study is another recent research area with
metasurface biosensors. A metasurface biosensor in ter-
ahertz was used for in situ cell apoptosis measurement
[144]. The design contained a planar array of five concen-
tric gold nanorings (20, 28, 36, 44, and 52 μm) on a poly-
imide substrate (Figure 7a). The distance between each
group of concentric gold nanorings was 4 μm and the
transmitted terahertz spectrum in Figure 7b showed four
resonance peaks. In the biosensing experiment, single
layer epithelium-derived oral cancer cells (HSC3) and
normal epithelial cells were detected using. Cells of
different concentrations were prepared and seeded on the
sensor surface. As shown in Figure 7C, the cells caused a
change in frequency which increased with the increasing
concentration. In the cell apoptosis detection experiment,
an oral cancer cell (SCC4) was treated with a targeted
cancer drug, cisplatin, which induced cell death to the
cancer cell. Measurement results showed that the signal of
the drug-treated SCC4 cells was slightly decreased against
time, while the signals of the control cells were increased
by ∼50%. It was predicted that the cell multiplication
process in SCC4 cell have been suppressed by the cancer
drug, which caused a decrease in sensor signal (Figure 7d).
While the cells that were not treated with drugs showed an
increase in frequency, this can be attributed to the
increasing cell concentration as the cells multiply
(Figure 7e).

Recently, amultiresonantmetasurface that was able to
detect lipid membrane and protein interaction via the
methylene and amide band was reported [145]. The meta-
surface contained an array of gold nanoantennas with two
nanodipoles as the meta-atom. The resonance frequency
can be altered by adjusting the length of the individual
dipoles. Altering the periodicity can also result in a change
in the metasurface, in this case, the reflectance is altered.
The dipole arrays consisted of two arrays, the second array
was made slightly different than the first array by having
different lengths and periodicity as shown in Figure 7f.
Several tests were performed to demonstrate the ability of
the metasurface for multiple analytes detection. The first

test was done with streptavidin and a phospholipid mem-
brane. A 10 nm silicon dioxide layer was added to create a
hydrophilic surface to allow the membrane to form [140].
The biotinylated lipidswere used to facilitate the binding of
the streptavidin to the membrane. The authors further
investigated the interaction between the lipid membrane
and melittin, which is a toxic peptide. Melittin has a strong
affinity with the lipid membrane which caused the
displacement of lipid membranes resulting in the forma-
tion of pores. As shown in Figure 7g, the lipid signal
decreased as the melittin signal increased. The metasur-
facewas then to detect small analytes, lipids, and peptides.
Cholesterol enriched lipid vesicles with neurotransmitters
were used. This was used to simulate synaptic vesicles
found in neurons. The vesicles are loaded with gamma-
aminobutyric acid (GABA), a neurotransmitter for the in-
hibition of synaptic transmission. As shown in Figure 7h,
the injection of the GABA vesicles resulted in an increase in
the sensor signal.

Metasurface with a gold nanoantenna array on top of a
calcium fluoride substrate [141] was proposed for lipid and
protein fingerprints detection (Figure 7i). To demonstrate
the detection specificity of the metasurface, a lipid
membrane-protein assay has been tested. Lipid vesicles
containing 1,2-dioleoyl-sn-glycerol-3-phosphocholine and
biotinylated 1,2-Bis(diphenylphosphino)ethane (DPPE)
was injected to the metasurface to form a layer of the lipid
membrane. Then, streptavidin was injected to the meta-
surface, and the SEIRA signal was used to detect the mo-
lecular binding between streptavidin and the biotin group
on DPPE lipids (Figure 7j).

Muhammad et al. [142] demonstrated a voltage-
tunable metasurface for the detection of cells. The design
was with parallel gold nanorods arranged in a cross
manner. By altering the length, spacing, density of nano-
rods, and the applied voltage on the lithium niobate film,
the metasurface could be tuned to accommodate different
resonant modes. To test the performance of the sensor,
solvents (water, acetone, 2-propanol, and chloroform) with
different refractive indices were measured. The sensor was
further applied for cells and biomaterials detection with
different applied voltages and resonance wavelengths.

A metasurface biosensor has further been demon-
strated for microorganisms detection [143]. This comprised
an array of gold square rings with a nanogap. The plas-
monic resonance wavelength of the sensor was affected by
the capacitance of the nanogap and also the inductance of
the outer ring structure. The metasurface was applied for
the detection of Penicillium chrysogenum fungus and
Escherichia coli (E. coli) bacteria. The injection of penicil-
lium resulted in a 9 GHz shift in frequency and the sensor
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Figure 7: Cell studies and detection.
(a) The transmission spectra of themetasurface showing four peaks, which is produced by the electromagnetically induced transparency (EIT)
behavior between adjacent ring structures. (b) Schematic of themetasurface. Eachmeta-atom consisted of five rings with diameters of 20, 28,
36, 44, and 52 μmand the gap between each ring is 4 μm. (c) The frequency shift for different concentrations of epithelium-derived oral cancer
cells (HSC3). (d) The frequency shift of the control oral cancer cells SCC4. (e) The frequency shift of SCC4 cancer cells treated with the
chemotherapy drug, Cisplatin, within 24–96 h. (a)–(e) Reproduced with permission from Zhang et al., Appl. Phys. Lett. 108, 241105 (2016)
[144]. Copyright 2016 AIP Publishing. (f) Themetasurface structure of gold nanodipoles and simulated reflectance spectrum for the CH2 (green)
and amide (red) band. (g) The presence of melittin (purple) results in a corresponding decrease in lipid (blue) signal, this trend becomesmore
prominent as the concentration in of melittin increases. (h) Linear regression signals of gamma-aminobutyric acid (GABA), melittin, and lipid
over time. (f)–(h) Reproduced with permission from Rodrigo et al., Nat. Commun. 9, 2160 (2018) [145]. Licensed under a Creative Commons
Attribution 4.0 International License. (i) An infrared metasurface biosensor for label-free, real-time lipid membranes monitoring. The
metasurface was designed with a gold nanoantenna array on top of a calcium fluoride substrate. The size of the nanoantennas array was 1–
1.75 µm in length. (j) Streptavidin was injected into the metasurface and the surface-enhanced infrared absorption (SEIRA) signal was used to
detect themolecular bindingbetween streptavidin and the biotin group onDPPE lipids. (i) and (j) Reproducedwith permission fromLimaj et al.,
Nano Lett. 16, 1502–1508 (2016) [141]. Copyright 2016 American Chemical Society.
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Figure 7: Continued.
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response shifted back to the initial reading after the treat-
ment with a fungicide. This signal shift was due to refrac-
tive index induced capacitance change at the nanogap.
Also, a specific antibody has been used for E. coli detection.
The injection of E. coli resulted in a 23 GHz shift in
frequency.

4.4 Cancer biomarkers

Metasurface biosensors also find applications in cancer
biomarker detection, including breast, liver, and oral
cancer. An optofluidic metasurface biosensor has been
developed for breast cancer biomarkers detection [146].
Themetasurface wasmade of an array of silicon nanoposts
that is constructed on a silicon on insulator substrate.
Figure 8a and b show the schematic and the SEM image of
the metasurface structure. The metasurface sensor perfor-
mance was characterized with different concentrations of
ethanol solutions ranged from 1.340 to 1.318 RIU and a
sensitivity of 720 nm/RIU was derived from the sensor
response curve in refractometric sensing measurement
(Figure 8c and d). It has further been demonstrated for the
detection of an early-stage breast cancer biomarker,
epidermal growth factor receptor 2 (ErbB2). Anti-ErbB2
antibodies were immobilized on the metasurface and the
molecular binding with targeted ErbB2 molecules was
recorded (Figure 8e). One can see a clear dose–response
curve of resonance wavelength against antigen concen-
trations (Figure 8f) and the kinetic binding curve
(Figure 8g) with a detection limit of 0.7 ng/ml.

Another example is for liver cancer biomarker mea-
surement [147]. The metasurface comprised of gold split-
ring resonators deposited on a silicon substrate (Figure 8h
and i). The inner radius was 24 μmand the outer radius was
30 nmwith a 6 nmwidth between the radii. The periodicity
between each resonatorwas 90 μm. The performance of the
metasurface was evaluated for the detection of two
different liver cancer biomarkers, alpha-fetoprotein (AFP)
and glutamine transferase isozymes II (GGT-II). Before the
detection, the metasurface was functionalized with anti-
bodies specific to each biomarker. Based onFigure 8j, it can
be seen that the injection of AFP resulted in a resonance
shift of 8.6 GHz and based on Figure 8k, the injection of
GGT-II resulted in a shift of 18.7 GHz. Another metasurface
design based on a split ring resonator with double gaps
that supports two resonance dips was proposed. The same
experiment was repeated. Based on the results from
Figure 8l and m, the addition of the AFP resulted in a shift
in resonance for both the dips and the same was observed
with GGT-II injection.

Oral cancer cells (HSC3) cell apoptosis process was
studied using electromagnetically induced transparency
like metasurface [148]. The metasurface was designed with
an array gold double split-ring resonator supported on a
25 μm polyimide dielectric layer and deposited on a silicon
substrate. The splits were asymmetric of each other as
shown in Figure 9a and b. Transmission modeling was
conducted for the analyte refractive index from 1 to 1.6 RIU
(Figure 9c), which gives the sensor response curve of the
metasurface (Figure 9d). It has further been applied for the
studies of the relationship between an anti-cancer drug,
cisplatin, and the cancer cell apoptosis process. Figure 9e
and f show the measurement results for the different doses
of cisplatin, while Figure 9g and h indicate the cancer cells’
response against time for the anticancer drug. Experi-
mental results show that the metasurface provides a
sensitivity of 900 kHz/cell ml−1.

Beyond sensing, Vrba et al. [149] demonstrated that
metasurfaces can also be used for hyperthermia cancer
treatment. Three different metasurfaces were designed
and tested using a muscle tissue model. The first meta-
surface consisted of four metamaterial units and was
based on microcoplanar technology. It was made on an
FR4 substrate and used a ground plane beneath the sub-
strate to suppress the backside radiation. The capacitor
consisted of 10 fingers of dimensions of 18, 1, and 1 mm in
length, width, and gap. The same dimension was applied
to the other two metasurfaces too. The second metasur-
face was based on the microstrip technology and con-
sisted of four inductive strips extending from four fingers
capacitors to the grounded capacitive plates. The third
metasurface was also based on the microstrip; however, it
consisted of two other layers, FR4 substrate and air. The
metasurface was designed with five vertical inductive el-
ements that run from the upper FR4 to the lower FR4
ground plane. The muscle tissue model used to test the
metasurfaces was represented by a 1 cm layer of deionized
water. The performance of the metasurface was deter-
mined by the reflection coefficient, current distribution,
and power deposition value, while the optimized pattern
covered 84% of the treatment volume with 25% the power
deposition value.

5 Future directions

Metasurfaces have been demonstrated with applications in
nonbiomedical fields with extraordinary features that may
in the future be applied for bioimaging and biosensing
areas as well. Firstly, metasurfaces-enabled adaptive
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Figure 8: Cancer biomarkers detection.
(a) Schematic of themetasurfacewith a silicon nanopost array. The sensor surfacewas integratedwith a PDMSbased optofluidic chamber for cancer
biomarker detection. (b) SEM imageof the nanopost array. (c)Measurement results for ethanol solutionswith different refractive index values (1.318–
1.340 RIU). (d) Experimental and simulated sensor response curve of the metasurface sensor. (e) The sensor surface was functionalized with anti-
ErbB2 molecules for the detection of early-stage breast cancer protein biomarker, epidermal growth factor receptor 2 (ErbB2), by monitoring the
plasmonic resonance wavelength shift. (f) The reflection spectra for different concentrations of ErbB2 protein (0.01–100 nM). (g) The dose–response
curve for theErbB2protein. Thedetection limitwas found tobe0.7ng/ml. (a)–(g) Reproducedwithpermission fromWanget al., Biosens. Bioelectron.
107, 224–229 (2018) [146]. Copyright 2018 Elsevier. (h) (Left) Schematic of the THz metasurface integrated with a microfluidic chip. (Right) Design of
the meta-atom. (i) Transmission spectra of alpha-fetoprotein (AFP) with the single split-ring resonator. The black curve represents the metasurface
without samples and the red curve represents the metasurface with biomolecules. (j) Transmission of GGT-II with the single split-ring resonator. (k)
Transmission of AFP with the double split-ring resonator. (l) Transmission of GGT-II with the double split-ring resonator. (h)–(l) Reproduced with
permission from Geng et al., Sci. Rep. 7, 16378 (2017) [147]. Licensed under a Creative Commons Attribution 4.0 International License.
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optics (AO) devices can be applied in confocal microscopy,
two-photon microscopy, and super-resolution imaging for
imaging within highly scattering biological media, such as
tissues [169–171]. Examples of such metasurfaces with AO
features include: microelectromechanical systems
(MEMS)–based focal length tuning [172] and coma (off-
axis) aberration correction (Figure 10a) [80], soft material–
based focal length tuning bymechanical stretching [65, 67]
and elastomer actuator–based focal length tuning, astig-
matism and shift corrections by electrical deformation
(Figure 10b) [66]. Secondly, metasurfaces-enabled optical
fibers, which combine the light manipulation capabilities
of the metasurface and the flexibility of fibers, can be
applied for in vivo bioimaging and remote biosensing [125,
173]. For example, light focusing [87] at the fiber tip can be
used for high-resolution in vivo imaging and surface

enhancement of the light field at the fiber tip can be used
for biosensing [86, 174]. Thirdly, an advantage of metal-
enses is the ease to generate structured light such as
Laguerre–Gaussian and Bessel beams, etc. because the
phase profile of a metasurface can be designed with sub-
wavelength accuracy. Metasurface-based structured
beams such as vortex beams [175, 176], Bessel beams (see
Figure 10c) [177] and Bessel beams on a fiber tip [178]. This
is important for STED microscopy [179], light-sheet micro-
scopy [180], and two-photon microscopy [181]. Fourthly,
conformal metasurfaces [64, 182] are another intriguing
area of exploration. Metasurface devices can be fabricated
on soft substrates to allow for flexibility, stretchability,
foldability (“origami metasurfaces” [183]), and actuability,
enabling novel form factors and tunable features.
Conformal metasurfaces will be useful in smart wearable

Figure 8: Continued.
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Figure 9: Oral cancer cells (HSC3) apoptosis detection with electromagnetically induced transparency like metasurface.
(a) Schematic of the electromagnetically induced transparency like (EIT-like) based metasurface. (b) Metasurface structure with symmetry-
breaking double-splits ring resonators. (c) Modeling the transmission curve for different refractive index (1–1.6 RIU). (d) Frequency shift
response curve for different refractive indices. (e) and (f) Measurement results for the different dosage of cisplatin. (g) and (h) Cancer cells
response against time for the anti-cancer drug. Experimental results show that the metasurface provides a sensitivity of 900 kHz/cell ml−1.
(a)–(h) Reproduced with permission from Yan et al., Biosens. Bioelectron. 126, 485–492 (2019) [148]. Copyright 2019 Elsevier.
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and implantable health-care products such as optical
bioimagers and biosensors that can be worn on the skin
(see Figure 10d) or origami-folded structures directly
injected and automatically unfurled inside the body.
Lastly, metasurfaces-based optical tweezing and trapping
can be applied in studies such as single-molecule
biophysics, and cell–cell interactions. Tweezers create a
3D trap that requires tight focusing of light. Traditional
microscope objectives are typically used to achieve such a
high NA and tightly focused beam, but they are bulky and
are often not compatible with lab-on-a-chip systems, where
optical can be used to manipulate and analysis of cells and
bacteria. Metasurfacesmay create an entirely planar structure

capable of focusing light froma collimated incident beam into
a tight spot, and yield generating trapswith structured beams.
In recentwork [184],planarmetalenses createdoptical traps in
amicrofluidic environment. The trap stiffness was between 13
and 33 pN μm−1 W−1 which is modest compared to standard
traps but can be improvedwith better metasurface design. An
important facet of thework showedmetalenses offerflexibility
in the phase profile design and, thus,may lead far beyond the
simple focusing of light. The authors then demonstrated the
creation of a conical beam for enhanced trapping of objects.

Not only can metasurface devices be used for bio-
applications but conversely the vast biological world itself
can be an inspiration for the nanophotonics community.

Figure 9: Continued.
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Figure 10: Future directions.
(a) Opticalmicroscope image showing ametalens on a two-axis rotationalmicroelectromechanical system (MEMS)which changes the relative
angle between the incident light and the metalens. The inset is the integrated device with a dual in-line package. (a) Reproduced with
permission from Roy et al., APL Photonics 3, 021302 (2018) [80]. Copyright 2018 Author(s). This article is distributed under a Creative
Commons Attribution (CC BY) license. (b) Schematic showing an electrically tunable metasurface device with five controllable electrode
configurations to correct for defocus, astigmatism, and shift aberrations. (b) Reproduced with permission from She et al., Sci. Adv. 4,
eaap9957 (2018) [66]. Distributed under a Creative Commons Attribution-NonCommercial license. (c) Measured intensity profiles of two
Bessel beamswith numerical aperture (NA) =0.7 at λ=575nm.Scale bar, 500nm. (c) Adaptedwith permission fromChenet al., Light Sci. Appl.
6, e16259–e16259 (2017) [177]. Licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License. (d)
Conformal metasurface on a convex (left) and a concave glass cylinder (right). In both cases, the metasurfaces make cylinders behave like
converging aspherical lenses. Scale bar, 2 mm. Reproduced with permission from Kamali et al., Nat. Commun. 7, 11618 (2016) [64]. Licensed
under a Creative Commons Attribution 4.0 International License. (e) Depth perception of a jumping spider is achieved with the multitiered
retina structure of each principal eye which captures multiple images of the same scene with different amounts of defocus. (f) Depth
perception of a metalens depth sensor is achieved by a metalens that captures two images of the same scene with different amounts of
defocus. The metalens was constructed by spatially multiplexing two phase profiles that focus on the photosensor with a lateral offset and
different focal lengths. The depth map was generated by a depth reconstruction algorithm. (e) and (f) Reproduced with permission from Guo
et al., Proc. Natl. Acad. Sci. 116, 22959–22965 (2019) [188]. Copyright 2019 the Author(s). This article is distributed under Creative Commons
Attribution License 4.0 (CC BY).
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Learning from animals with evolutionary advantages
gifted by Nature has led to the development of many bio-
mimetic metasurface devices. For example, Yi et al. [185]
observed that sensing the direction of sounds is a special
capability of certain small animals which relies on a
coherent coupling of soundwaves between the two ears.
Inspired by this observation, they developed a
metasurface-based ultrasensitive photodetector that is
able to detect the incident angle of light with an angular
sensitivity of 0.32°. The second example is by Shi et al. [186]
who studied the silver ants living in the Saharan desert and
developed an idea of a biomimetic metasurface-based
coating for the passive effective cooling of objects. The
third example is by Basiri et al. [187] who designed a
metasurface-based polarization filter device inspired by
the polarization sensing of the compound eyes of mantis
shrimps. The peak extinction ratio of the metasurface de-
vice could reach a value of 35, and transmission efficiency
was close to 80% in the near-infrared wavelength region.
Another example is the development of a metasurface-
based depth sensor inspired by the eyes of jumping spi-
ders. Guo and Shi led the research andmimicked the depth
perceptionmechanismof jumping spiders and developed a
metalens equivalent depth sensor which was compact
(3 mm in diameter for a depth measurement range of
10 cm), single-shot and required a small amount of
computation (fewer than 700 floating-point operations per
output pixelwithmicrowatts energy) [188]. Figure 10e and f
show the working principles of the depth perception of a
jumping spider and a metalens equivalent depth sensor.

Although there are many potential future directions to
explore, challenges still exist that need to be addressed.
Firstly, metalenses generally suffer more significant chro-
matic aberration than a conventional curved lens. For bio-
applications that require broadband wavelength excitation
and focusing or illumination at one wavelength and collec-
tion at another wavelength far from that (e.g. multiphoton
imaging), large-area metalenses (a lens diameter on the or-
der of centimeter) with achromatic focusing is a technical
challenge. In fact, this is a hot research topic in the entire
metasurface community. Recently, demonstrations of large-
area metalenses with single wavelength operation in the
visible and near-infrared wavelength ranges [10, 14, 83, 189]
and achromatic focusing of small area metalenses [190, 191]
have been reported. Hence, it is promising that this chal-
lenge can be solved soon with the advancement in both
metasurface design methodologies and fabrication tech-
niques [44]. Secondly, most metasurfaces operate with an
incidence light that is normal to the interface, which trans-
lates to a limited FOV. Incident light that comes at an angle

will result in coma aberration. For conventional optical
components, an increased FOV can be realized with a stack
of lenses, i.e., a lens assembly. Similarly, for metalenses,
FOV may be increased by adopting a multilayered structure
[192] with advanced design methodologies such as the
inverse design with topological optimization [193].
Thirdly, challenges on clinical translation of metasurface-
empowered biomedical devices need to be addressed. Fac-
tors such as cost, reliability, and reproducibility must be
taken into account at the early stage of the device develop-
ment journey. The studies by Wilson et al. [194] and Popp
et al. [195] review the challenges of transforming a laboratory
prototype to a viable clinical product such as conducting
preclinical and clinical trials and obtaining regulatory
approval. Among these, the most important lesson is to
constantly get feedback from the clinicians on the device
design and performance to make sure that the device ad-
dresses the unmet clinical needs for a smooth clinical
translation in the future.

6 Conclusions

In this review, we have covered the use of metasurfaces for
bioimaging and biosensing applications. A variety of
metasurface-based bioimaging techniques have been
developed, spurred by the advantages of uniquely tailored
imaging features and small device footprints. In particular,
among these, we have described the latest developments in
metasurface-based chiral imaging, OCT endoscopy imaging,
fluorescent imaging, two-photon fluorescent microscopy,
PSIM super-resolution imaging, MRI imaging, and QPI im-
aging. In addition, metasurfaces for biosensing applications
are also reviewed, in which fully customizable nano-
patterning and intimate interaction of these extremely thin
devices are leveraged to measure biological signals in novel
ways. For example, these include the detection of antibody
and protein binding using metasurface-based hyperspectral
imaging; detection of DNAs using graphene metasurface–
based surface-enhanced fluorescence spectroscopy; detec-
tion of in situ cell apoptosis using ametasurface; detection of
cancer biomarkers in the liver and breast usingmetasurfaces
combined with optofluidics and graphene oxide.

It is theauthors’viewthatgoing forward, thefutureof the
metasurface-based bioimaging and biosensing provides
several different exciting paths of exploration. In vivo optical
imaging is a potential area, where metalenses hold great
future promises. In this area, two- or multiphoton imaging
and endoscopy are areas of promise for the application of
metalenses. Typically, the two-photon imaging systems are
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complex and bulky, which are major impediments to their
practical use, especially in the consideration of animal ge-
ometries and animal motion. Another in vivo imaging tech-
nique is endoscopy whichmust be engineered while subject
to severe space constraints. The conventional micro-optics
necessitated by these constraints provide for limited capa-
bilities,whichpaleincomparisontothatwhichcanbebuiltby
large, external systems. Metalenses offer interesting engi-
neering possibilities to enable system complexity and
extreme compactification, opening up possibilities for
workingsmoothlywith livingbodies insteadofaround them.
Last but not least, an emerging trend in biophotonics is
multimodality: the collection of more than one form of in-
formation by light or other methods. For example, this may
involve combiningmorphological information withmolecu-
lar information. Such a combination of data from a variety of
imaging techniques leads to better sensitivity and specificity
which in turnmeans amore informeddecisionmay bemade
that can directly improve medical diagnosis. The inherent
compactness of metasurface devices lends itself to the pos-
sibility of integratingmultipledevices intoanultrasmall size.

As metasurfaces biomedical devices become better
explored, we envision a future where imaging, sensing, and
perhaps even treatment in health care can be done with
extremely small and flat metasurface devices that close the
gap in the interface with living systems while at the same
time be significantly less intrusive and noticeable.
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